The homogeneous linewidth of the transition 4 I 15 ∕ 2 − 4 I 13 ∕ 2 in highly doped erbium fibers and its dependence with temperature in the range from 10 to 50 K are experimentally characterized using spectral hole burning. The homogeneous linewidth dependence with temperature is quadratic above 20 K where homogeneous broadening is dominated by two-phonon Raman processes, and linear at lower temperatures where direct phonon processes occur. This characteristic power-law dependence was also derived from transmittance measurements. The solution of nonlinear field equations using the results obtained from our experiments predicts that Gaussian probe pulses propagate at subluminal speed through the narrow spectral holes burned in erbium-doped fibers. For gigahertz pulses in the telecommunication window, a fractional delay as high as 0.6 is predicted.
INTRODUCTION
The control of the speed of light at extremely slow group velocities compared to the velocity of light in vacuum is a phenomenon that attracts continuous attention not only for its intrinsic scientific interest but also for its practical applications in nonlinear optics [1] , optical information processing [2] , and quantum storage [3] . Slow light generation deals with electromagnetically induced transparency (EIT) [4] , coherent population oscillations (CPO) [5] , or stimulated Brillouin scattering (SBS) [6, 7] . Recently, spectral hole-burning (SHB) techniques have been proposed to produce slow light [8, 9] in vapors, crystals, and glasses. In contrast to EIT, CPO, or SBS, slow light via SHB does not need the simultaneous concurrence of a strong control beam and a probe beam in the sample since the spectral hole can be burnt by means of the control beam before the arrival of the probe pulse.
The first experimental demonstration of slow light via SHB was done by Camacho et al. [10] in a hot, Doppler-broadened rubidium vapor and more recently in an inhomogeneously broadened rare-earth-doped crystal [11, 12] . When a quasimonochromatic intense beam illuminates an inhomogeneous medium, only the resonant ions are excited from their ground to their excited states. As a consequence, a spectral hole, i.e., a narrow spectral transparency window around the frequency of the illuminating beam, is engraved in the absorption spectrum of the medium. The spectral hole width is determined by the homogeneous linewidth Γ h , while the spectral hole lifetime is limited by the excited-state lifetime of the resonant ions. This spectral hole modifies the dispersion relation, which results in a change of the group velocity. Narrow and deep spectral holes will produce small group velocities.
Typically, the inhomogeneous linewidth of rare-earth-doped crystals is in the gigahertz (GHz) range [13] , and the width of the spectral holes burnt in the inhomogeneous line profile at very low temperatures (below liquid helium temperature) is in the kilohertz range. In glasses, inhomogeneous and homogeneous linewidths are several orders of magnitude larger than in crystals due to their higher structural disorder (inhomogeneous width) and large number of thermally excited low-frequency vibrational modes (homogeneous width). The inhomogeneous linewidth in glasses ranges from thousands to tens of thousands of GHz. Below liquid helium temperature, spectral hole linewidths of tens of megahertz have been observed [14] [15] [16] [17] [18] . At higher temperatures (between 4.2 and 77 K), GHz holes have been achieved [19] [20] [21] [22] [23] . These GHz holes make possible subluminal propagation of light pulses with bandwidths in the GHz range. Furthermore, as the spectral hole width changes with temperature, the temperature may be used as a parameter to control the time delay experienced by the light pulses.
Rare-earth-doped materials hold enormous potential for quantum information applications [24] . In the past decades, a lot of attention has been given to the temperature characterization of the homogeneous linewidth of rare-earth-doped glasses and fibers (see the review work of MacFarlane and Shelby [13] ). As a general trend, Γ h shows a quadratic dependence at high and mid temperatures (T > 20 K), whereas at lower temperatures a linear or close to linear dependence is usually found. However, very few works have shown a crossover between these two regimes.
SHB and slow light experiments in ion-doped optical fibers are especially interesting for their integration in optical communication networks [25] . In this work, we experimentally characterize the spectral holes produced in the absorption spectrum of highly doped erbium fibers by a control field at 1536 nm. We analyze in detail the dependence of the homogenous linewidth with temperature over a range of temperatures between 10 and 50 K. A semiclassical theoretical model describing the propagation of the control and probe fields through an inhomogeneous broadening medium is used to analyze the experimental results. We simulate the subluminal propagation of Gaussian probe pulses for our experimental conditions showing the feasibility of obtaining fractional delays for GHz pulses as high as 0.6 in the telecommunication window.
SPECTRAL HOLE CHARACTERIZATION IN AN INHOMOGENEOUS BROADENED MEDIUM A. Theoretical Model
In order to analyze the hole-burning and pulse propagation dependence with temperature in erbium-doped fibers (EDFs), we consider a collection of two-level atoms formed by ion packets with transition frequency ω n (where n indicates the packet numbering) distributed around the central frequency ω 0 due to glass imperfections. In what follows, we shall assume that population decays with a decay rate γ, which is much smaller than the dephasing rate γ 21 , i.e., γ ≪ γ 21 . The atomic ensemble is driven by a strong control field E c with carrier frequency ω c and by a weak probe field E p with carrier frequency ω p . These fields read as E c z; t 1 2 E c z; te −iω c t c:c:;
where c.c. stands for complex conjugation and E c and E p are the slowly varying amplitudes of the control field and the probe field, respectively. The equations for the population inversion D n and the atomic coherence ρ n 21 for the nth ion packet, in the rotating frame, are given by [9, 26] ∂D n ∂t −γD n 1 2iΩ c Ω p e −iδt ρ n 12 c:c;
where Δ n ω c − ω n is the detuning between the frequency of the control field and the two-level atomic transition frequency ω n , and δ ω p − ω c is the detuning between the probe and the control fields. Here Ω c μ 21 E c ∕ 2ℏ and Ω p μ 21 E p ∕ 2ℏ stand for the Rabi frequency of the control and the probe fields, respectively, and μ 21 stands for the dipolar moment of the atomic transition. Note that there is no reference frame in which all the coefficients in Eq. (2) become time independent. Therefore, to solve these differential equations, we resort to use the Floquet method [26] by expanding the density matrix elements as Fourier series in terms of amplitudes that oscillate at the detuning δ and its harmonics according to
where D 0 ∕ p 0 represents the DC component of the inversion/ polarization of the nth ion packet and D j ∕ p j (j 1, 2) stands for the amplitudes of the components of the population/ polarization oscillating at the beat frequency. By inserting the expansion given in Eq. (3) into Eq. (2) and collecting terms oscillating at the same frequency, we arrive to the following set of equations for the coefficients of the Floquet expansion:
In order to analyze the spectral hole burnt in the absorption profile, δ must range within the dephasing decay rate γ 21 . The CPO are negligible since δ is much larger than the population decay rate (δ ≫ γ), i.e., the population cannot follow the beating between both fields. Therefore, CPO terms appearing in Eq. (4) can be neglected, so Eqs. 4 reduce to
Assuming that steady state is reached, the coefficients of the Floquet expansion are given by
whereÎ c ≡ 4jΩ c j 2 ∕ γ 21 γ is the control intensity I c normalized to the saturation intensity I sat . The latter indicates a threshold above which the absorption, otherwise independent of input intensity, decreases with increasing input intensity. The saturation intensity is given by
The propagation of both fields in the slowly varying approximation is described by the wave equations, which in the spectral domain read as
whereẼ c z; ω andẼ p z; ω stand for the Fourier transform of the corresponding temporal field amplitude and ω is the frequency offset with respect to ω c . The source terms of the macroscopic polarization of the atomic medium oscillating at the frequencies of the control and the probe fields can be written as [9, 12, 26 ]
Gω n being the normalized inhomogeneous distribution of the two-level atomic transition frequency ω n , centered at ω 0 and with a half-width at half-maximum (HWHM) of Γ inh .
Here N is the total number of ions. In what follows, we consider that Γ inh ≫ γ 21 and ω c ≃ ω 0 . Typically, inhomogeneous broadening is usually modeled by considering a single-or multi-Gaussian function for Gω n , and results rely on numerical analysis due to the complex integration of Gaussian distributions. In order to obtain a manageable expression of the linewidth, we approximate the usual Gaussian distribution with a Lorentzian function of the form
This is a conventional approximation that leads to a rather simple form of the inhomogeneously broadened susceptibility, with which a detailed analysis is possible. The two distribution functions yield similar results since the Lorentzian distribution follows closely the Gaussian distribution except for the tails, which concern only far off-resonant atoms [27] . By inserting the steady-state values of D 0 , p 0 , and p 1 in Eq. (9) and performing the integral over the inhomogeneous frequency profile, the wave equations for the field envelopes reduce to
where χ R ω and χ I ω are the real and the imaginary part of the probe field atomic susceptibility, respectively, which read as
where
q is a measure of the hole width (HWHM) created by the control beam. From a visual inspection of Eq. (11), the evolution of the control field is uncoupled from that of the probe field.
In Section 2 we are interested in analyzing the temperature dependence of the width of the hole burnt by the control field. In the current configuration, a quasi-monochromatic control field burns a hole into the spectrum, while a quasi-monochromatic probe field scans the homogeneous absorption curve. After simple algebra, Eqs. (11)- (14) reduce to
where α 0 Nμ 2 21 ω c ∕ ℏcϵ 0 γ 21 stands for the homogeneous unsaturated absorption coefficient.P c P c ∕ P sat andP p P p ∕ P sat are the control power P c and the probe power P p , respectively, both normalized to the saturation power P sat I sat A eff , where A eff is the effective doping area of the fiber. Equations (15) and (16) describe the interactions of the optical fields with the erbium ions in the hole-burning experiment. Assuming that the burning intensity attenuation along the fiber length is negligible, i.e., P c 0 ≃ P c L ≃ P c , then the power of the probe field at the output of the fiber length L is given by
where α is the absorption coefficient, given by
From Eq. (18), the hole full width at half-maximum (FWHM) is given by
where Γ h γ 21 ∕ π is the homogeneous linewidth. Equation (19) characterizes the power broadening of the burned holes [28] . In the case of a highly absorbing media and when the burning control power strongly attenuates as it propagates through the sample, numerical resolution of Eqs. (15) and (16) will be required to properly analyze the SHB process.
B. Experimental Setup
In order to determine the homogeneous linewidth Γ h of the transition between the ground 4 I 15 ∕ 2 and the metastable 4 I 13 ∕ 2 states of the erbium ions at cryogenic temperatures (above liquid 4 He temperature), we performed SHB with the experimental setup depicted in Fig. 1 .
We used single-mode Al 2 SiO 5 -glass-based EDFs (Liekii, Ltd.). To check the influence of ion density on the homogeneous linewidth, we used two different EDFs (named hereafter Er30 and Er80) with the same optical depth and different level of doping. Fiber properties are listed in Table 1 . They are non-polarization-preserving fibers with a nominal mode field diameter at 1550 nm of 6.5 μm, a fiber cladding of 245 μm, and a numerical aperture of 0.2. The EDFs were rolled around a homemade, 35 mm diameter copper cylinder. This cylinder was affixed to the cold finger of an Edwards cryostat (Coldhead CS2/9) provided with a compressor (Cryodrive 1.5). High vacuum grease was applied to the fiber to ensure a good thermal contact with the cold finger. The cold finger temperature was regulated using a controller from Oxford Instruments (ITC 502) with an accuracy of 0.1 K. The EDF was fusion spliced to standard single-mode fibers (Thorlabs, 980HP), which came out the cryostat through a homemade feedthrough, and were spliced again to undoped connectorized pigtails outside the cryostat.
We illuminated the EDF with an external cavity tunable diode laser (New Focus, TLB-6328-LN), with emission between 1520 and 1570 nm and linewidth smaller than 300 kHz. The laser wavelength was controlled by applying a ramp voltage with a function generator (Agilent, 33220A), ensuring the period of such signal was small enough to allow for stabilization of the laser wavelength. 50% of the output beam was sent directly to a switchable-gain, amplified InGaAs photodetector (Thorlabs, PDA400) with 10 MHz bandwidth at the minimum gain setting. The other 50% was sent to the EDF, followed by a circulator, and an identical photodetector. A second circulator was used to avoid reflection beams into the tunable diode laser. A counterpropagating beam from a pigtailed distributed feedback laser diode (Anritsu, GB5A016) at 1536.3 nm with linewidth of 1 MHz was used as a control field to selectively excite ions and to create a spectral hole in the absorption spectrum. The laser was kept at room temperature using a current and temperature feedback control module (Thorlabs, ITC502). The power of the beams impinging the EDF was controlled with in-line variable optical attenuators (Thorlabs, VOA50) at the output of both lasers. We recorded three signals in a digital oscilloscope (Agilent, DSO9104A): the input power, the transmitted output power, and the voltage signal that determines the laser wavelength. Using the sync output signal from the function generator as a trigger, the three recorded signals were averaged over 16 oscilloscope traces.
C. Spectral Hole Measurement
We measured fiber absorption spectra at temperatures from 10 to 50 K. The control beam was at least ten times stronger than the probe beam to ensure working in a pump-probe configuration. We used a probe power of 1 μW, this being the lowest value that allows us to measure spectral holes at 50 K. Figure 2 illustrates the Er80 fiber absorption spectrum measurement at 10.8 K for a control power of 10 μW, which exhibits an abrupt absorption hole centered at the wavelength of the strong saturating field, 1536.3 nm. Hole width (FWHM) was estimated as Δλ 0.031 nm (Δν ∼ 4 GHz) by fitting the experimental data to a Lorentzian-like curve on top of a second-order polynomial curve. To estimate an error for Δλ, the fitting procedure was repeated 15 times using different wavelength intervals around 1536.3 nm, resulting in a Δλ 0.033 0.002 nm.
D. Homogeneous Width Power Broadening
To determine Γ h , we measured the hole width at decreasing control powers. According to Eq. (19) , Γ h corresponds to half the hole width Δλ at zero burning. In the low power region the hole width increases linearly with power, while for larger values of the control power, this linear dependence saturates. 
, which extrapolates those data to zero power, we obtained a Δλ 0.047 0.006 nm and a homogeneous linewidth of Γ h 3.0 0.4 GHz. The error of Γ h was determined by repeating the linear fit at different power intervals within the low power regime. This error is comparable to the experimental error from repeated measurements done at the same experimental conditions, which was approximately 10%. Figure 3 (b) (squares) shows the experimental hole width power broadening. To theoretically reproduce this behavior, we studied the propagation for the counterpropagating control and probe field powers. We numerically solved Eqs. (15) and (16) by using a standard Matlab function that implements a three-stage Lobatto IIIA [29] . Taking into account the boundary conditions P p 0 and P c L, we calculated the probe output power P p L for different values of the probe detuning δ, which allows us to compute the hole width. We used the homogeneous linewidth obtained experimentally, i.e., Γ h 3 GHz. In what follows we assume that the inhomogeneous linewidth is similar to the homogeneous width at room temperature, i.e., Γ inh ≃ γ RT 21 πΓ RT h . Thus, the inhomogeneous unsaturated absorption coefficient corresponds to the homogeneous one at room temperature, i.e., α 0 γ 21 ∕ Γ inh ≃ α RT 0 (see Table 1 ). Finally, we used the saturation power P sat as a control parameter to fit the experimental results. The simulated curve is plotted in Fig. 3(b) (solid line) for P sat 1.63 μW. This value is around 245 times lower than the typical saturation power at room temperature (P RT sat ≃ 0.4 mW) [30] . This large reduction of P sat is due to the narrowing of the homogeneous linewidth with temperature since P sat is proportional to Γ h [see Eq. (7)]. Therefore, we estimate the homogeneous linewidth at room temperature as Γ RT h ≃ 245Γ h ≃ 735 GHz. This value is quite similar to the typical room temperature values obtained from extrapolation of low temperature measurements in aluminum-and germanium-silicate glasses [19] [20] [21] . For comparison purposes, we also plotted in Fig. 3(b) (dotted line) the hole-width power broadening predicted by the analytical expression given by Eq. (19) , which neglects the attenuation of the burning field along the fiber length. We used the same parameters as in the simulated curve: P sat 1.63 μW and Γ h 3 GHz. It is remarkable that this simple analytical expression roughly agrees with the behavior of the experimental data. This suggests that attenuation of the control field is negligible, which may be explained by the fact that the control field powers used here are large enough (P c ≫ P sat ) to nearly saturate the erbium ions.
We just showed that power broadening of the spectral holes measured in our experiments follows closely the well-known analytical expression given by Eq. (19) [see Fig. 3(b) ], which neglects the attenuation of the burning field. In order to determine the optical depth that significantly affects power broadening of the spectral hole, we numerically solved the propagation equations for the control and probe field powers [Eqs. (15) and (16)]. We changed the optical depth from values smaller than those corresponding to our EDFs at room temperature (α RT 0 L 5) to large values for which the propagation of the control field becomes important. Other parameters were the same as in Fig. 3 . These results are plotted in Fig. 4 where the hole width normalized to the homogeneous linewidth (Γ h 3 GHz) is plotted as a function of the input control power. We also plot in the same figure (thick gray line) the result obtained under the approximation given by Eq. (19) . As expected, there is good agreement between analytical and numerical results for α RT 0 L smaller than the one in our experiments (α RT 0 L 5). However, when we increase the optical depth, the integration of Eqs. (15) and (16) gives a different behavior than the analytical expression, which indicates that Eq. (19) does not hold. That is, a strong attenuation of the control field takes place, which leads to a smaller broadening of the spectral holes. For example, for an optical density of α RT 0 L 15, the predicted hole width given by the analytical expression at P c 0 100 μW deviates a 50% from the value obtained through the full numerical simulations. Figure 5 (a) shows temperature dependence of Γ h within the range from 10 to 50 K for the two fibers labeled Er30 and Er80. Note that the spectral hole was observed up to 50 K, while for higher temperatures the hole is smeared out. The Γ h has a nearly linear temperature dependence above 10 K and a quadratic behavior for temperatures above 20 K. As we mentioned in Section 1, each of these two behaviors has been usually observed independently in separate experiments. Notably, our experimental results clearly show a crossover between these two regimes. A similar dependence was observed in other works (see [13] and references therein). It is generally accepted that Γ h exhibits a nearly quadratic dependence with temperature at mid and high temperatures (T > 20 K). In this temperature range the homogeneous broadening is dominated by two-phonon Raman processes that account for the quadratic dependence found. On the other hand, at lower temperatures (but above liquid helium temperature), a linear temperature dependence has been found. This behavior has been previously found in a YAG crystal on this temperature range (T > 10 K) [31] . The linear temperature dependence can be attributed to two distinct dephasing mechanisms in glasses. One is the phonon-assisted direct transitions between the crystal field splitting of levels 4 I 15 ∕ 2 and 4 I 13 ∕ 2 . The other mechanism involves a dipole-dipole interaction between the optically active ions and an array of thermally excited tunneling systems associated with local changes in the ion configuration, i.e., two-level systems (TLS) [32] . In our experiments, we have not dealt with TLS because in the range 10-20 K this effect is hidden by direct phonon effects. In view of the previous considerations, both direct transitions and Raman processes contribute to broadening the linewidth of the transition. The influence of these two processes in the temperature dependence of Γ h can be modeled using the following analytical form of the transition broadening between the lower levels of each manifold [21] :
E. Homogeneous Width Dependence with Temperature
where ΔE 1 and ΔE 2 are the energy differences between the first and second Stark levels of the 4 I 15 ∕ 2 and 4 I 13 ∕ 2 manifolds, respectively. β 1 and β 2 are the coupling coefficients for the ion-phonon interaction for these two manifolds, and T D is the effective Debye temperature of the phonon distribution. In the current system, the 4 I 15 ∕ 2 and 4 I 13 ∕ 2 multiplets have satellite levels such that ΔE 1 ≈ 23 cm −1 and ΔE 2 ≈ 5 cm −1 [21] . Since ΔE 1 ≫ ΔE 2 , the term involving β 1 in Eq. (20) can be neglected. A nonlinear fit of the experimental data to the simplified model in Eq. (20) has been carried out to determine whether the combined effect of direct phonon and Raman processes could explain the experimental findings. Thus, we have determined the coefficients β 2 0.037 cm −1 , η 15 cm −1 , and T D 150 K, and the resulting curve is displayed with the dashed line in Fig. 5(a) . The experimental temperature dependence of the homogeneous linewidth closely follows the assumed theoretical model in Eq. (20) . Similar results for the fitting parameters have been found in [21] in the case of analyzing line narrowing in different erbium-doped glassy materials.
As shown in Fig. 5(a) , no significant differences in the values of the Er30 and Er80 homogeneous linewidths are observed, which suggests that, for the doping levels used in these experiments, ion concentration does not play a significant role in the homogeneous linewidth broadening. It is well known that high ion doping levels in EDF amplifiers lead to gain degradation due to upconversion processes via interparticle interactions [33] . Previous works have shown that fibers with ion concentration in the range of our Er80 fiber exhibit interparticle interaction effects (energy exchange transfer processes) [30, 34] . However, this phenomenon, which is expected to occur in our Er80 fiber, does not significantly affect the homogeneous broadening.
In Fig. 5(b) we compare experimental data reported in [17] [18] [19] [20] [21] [22] to our experimental results. The extrapolated linear fits for the Er30 fiber are added as a guide for the eye. Our results are in agreement to those found in literature by using different techniques: accumulated photon echoes (APE) [17] , SHB [18] , resonant fluorescence line narrowing (RFLN) [21, 22] , and spectral gain hole burning (SGHB) [19, 20, 22] . For example, Bigot et al. [18] reported a linear dependence for temperatures between 1.5 to 7 K in an erbium-doped fluoride glass with 0.05 mol. %. Silberberg et al. [17] reported a Γ h 300 MHz at 4.2 K in a silicate-based EDF using an APE technique. In the mid and high temperature range, similar results were found for aluminosilicate glass doped with 0.1 wt. % of erbium [21] , aluminosilicate EDF with 2.8 × 10 18 ions ∕ cm 3 [19] , and germanosilicate EDF with an erbium concentration of 50 parts per million (ppm) [20] . Peretti et al. [22, 23] measured similar values for the homogenous linewidth in an EDF amplifier at 77 K using RFLN and SGHB. As pointed out by other authors [14, 16] , experiments performed on longer time scales (such as SHB, SGHB, or APE) yield homogeneous linewidth values that are different from photon echo measurements since the former are influenced by spectral diffusion. The dynamical properties of spectral diffusion were studied [17] , SHB [18] , spectral gain hole burning [19, 20, 22] , and resonant fluorescence line narrowing [21, 22] .
by stimulated photon echo in rare-earth-ion-doped samples [35, 36] . MacFarlane et al. [14] determined a value of Γ h 3.9 MHz at 1.6 K in an erbium-doped silicate fiber (150 ppm Er) with two-photon echo, and Staudt et al. [16] reported values as small as Γ h 20 MHz at 2 K using SHB with a measurement time of around 1 ms to decrease spectral diffusion. Sun et al. [37] showed that SHB leads to broader homogeneous linewidths than photon echo. In particular, they reported differences of 2 orders of magnitude in the values of the homogeneous linewidth obtained by both techniques [20 MHz with SHB versus 0.525 MHz using photon echo both at 1.6 K, not shown in Fig. 5(b) ]. The exceptionally narrow homogeneous linewidths in Sun's work were due to the chalcogenide glass in which erbium was embedded.
F. Transmittance Measurements
To get a deeper insight into the problem of the dependence of the homogeneous linewidth on temperature, we analyzed the absorption of a single beam propagating through the EDFs. We measured the variation of the transmittance with the input power for both fibers at temperatures ranging from 11 K to room temperature [see Figs. 6(a) and 6(b)]. We observed a strong increase of transmission at lower temperatures because the saturation power is much lower at low temperatures than at room temperature (Subsection 2.D). We fit the experimental data shown in Figs. 6(a)-6(b) to the simulated transmittance curves obtained when numerically solving Eq. (15) . From this fit we obtain the values for the saturation power P sat . An optical depth for both EDFs of α RT 0 L 5 is used. The simulated transmittance curves follow closely the experimental data.
In Fig. 7(a) we plot the dependence of P sat with temperature. P sat follows the same power-law behavior that the homogeneous linewidth obtained through SHB experiments [see Fig. 5(a) ]. This is an expected result since P sat is proportional to the homogeneous linewidth. Using the relation Γ h ∕ Γ RT h P sat ∕ P RT sat , with Γ RT h ≃ 735 GHz and P RT sat 0.4 mW, we obtain the homogeneous widths from the transmittance measurements. We compare in Fig. 7(b) the homogeneous linewidths obtained through the transmittance experiments (open circles) to the ones obtained through SHB measurements (squares). We conclude that both SHB and transmittance experiments lead to the same results for the homogeneous linewidth. Therefore, transmittance experiments may be an alternative way to easily determine the characteristic power-law behavior of Γ h .
SLOW LIGHT PROPAGATION VIA HOLE BURNING
In this section, we theoretically analyze the effect of temperature in the slowdown of a light pulse via hole burning for the EDFs used in our work. We consider the experimental characterization of the spectral holes presented in Section 2. In particular, we use the values of P sat and Γ h shown in Fig. 7 . In Subsection 2.D, we demonstrated that the analytical linewidth calculated neglecting the attenuation of the control field reproduces the power broadening of the experimental linewidths. We verify that this approximation holds also for the real part of the susceptibility. This magnitude is related to the dispersion relation, which is responsible of the slow light phenomenon. To this end, we compare the analytical susceptibility given by Eqs. (13) and (14) to the complex susceptibility obtained from our experimental absorption spectra. We use the absorption spectrum α −1 ∕ L logP p L ∕ P p 0 shown in Fig. 2 , measured at 10.8 K for a probe input power 1 μW and a control power 10 μW, and the absorption spectrum in absence of the control field and same experimental conditions, α ref .
We calculate the relative absorption change
, which is proportional to the relative change of the imaginary part of the susceptibility [see Eq. (14)]. The relative change of the real part of the susceptibility is obtained through the Kramers-Kronig relation [38] . We conclude that the approximation holds because there is good agreement between the experimental and theoretical complex susceptibilities (see Fig. 8 ).
The evolution equation for a single frequency component of the probe field can be easily integrated once the initial conditionẼ p z 0; ω is specified, due to the linear character of Eq. (12) . However, the back-Fourier transform needed to obtain the temporal profile of the output pulse becomes an intractable task. To gain insight on the pulse propagation problem, we resorted to using an expansion of the probe susceptibility in powers of ω around ω 0, so analytical results can be obtained by considering a Gaussian input pulse. To this end, we consider a Gaussian input pulse with an envelope given by
Δ in being the spectral width (FWHM). The output pulse can be expressed as
where τ d −α 0 b R L is the time delay. Magnitudes b R and b I are given by
Equation (22) indicates that the input pulse is attenuated and delayed in the course of its propagation along the fiber. In our simulations we used the following experimental parameters of our fibers: P RT sat 0.4 mW and α RT 0 L 5. We also considered a spectral width of the Gaussian input pulse Δ in 0.0027Γ RT h to guarantee that most of the relevant frequencies of the incident pulse are within the width of the holes burned into the fiber for all the analyzed temperatures. Considering Γ RT h ≃ 735 GHz, then Δ in ≃ 2 GHz, which is smaller than the narrower spectral hole width reached at 11 K, Δν ≃ 3 GHz. We have checked that, under these conditions, the numerical solution of Eq. (12) follows closely the analytical result given by Eq. (22) (not shown). Figure 9 shows the simulated Gaussian input and output pulses for control power values larger than P sat , at 20 K. At this temperature, Γ RT h ∕ Γ h ≃ 244.4. The output pulse delay increases with the control power, up to 5 P sat (see Fig. 9 ).
A further increase of the control field power results in a reduction of the time delay (see curves with P c ∕ P sat > 5 in Fig. 9 ). This suggests that there is an optimum control field powerP opt c that maximizes the achievable time delay. By using the following analytical expression for the pulse delay [from Eq. (23)],
we can easily obtainP opt c 21 2 p ; that is, the optimum control power is around 5 times the corresponding saturation power, in agreement with the simulation results shown in Fig. 9 . Similar results are obtained for pulses propagating at different temperatures.
We plot in Fig. 10 the fractional delay F d τ d Δ in versus the control power normalized to the saturation power at room temperature, i.e., P c ∕ P RT sat . The homogeneous linewidth decreases with temperature, which results in a large fractional delay for the whole range of powers. The control field power that maximizes the fractional delay at a selected temperaturê P opt c arises from the coexistence of two competing mechanisms: as the intensity of the control field increases, the hole depth becomes more pronounced. In this control power regime, the power broadening is negligible. However, there is a threshold for the power above which power broadening becomes dominant and the fractional delay decreases. Taking into account thatP opt c 21 2 p , the maximum time delay reaches the value
Equation (25) shows that the maximum time delay changes with temperature following the same behavior than the homogeneous linewidth (τ
). Therefore, the pulse delay can be controlled by means of temperature. This result also Fig. 2 (imaginary part of χ) and the Kramers-Kronig relation (real part of χ). The theoretical curves were obtained through Eqs. (13) and (14) . indicates that SHB slow light experiments may be used to characterize the temperature dependence of Γ h .
The maximum achievable fractional delay in our experimental system is given by
Thus, all pulses whose width fit the width of the spectral hole experience this time delay τ MAX d . Therefore, pulses with broader spectral width exhibit larger fractional delays, provided the relevant frequencies of the pulse remain within the hole. For pulses whose spectral width is close to the spectral hole width Δ in ≃ 2Γ h , we estimate
with the simulation results shown in Fig. 10 . These calculations show that our experimental system can achieve fractional delays as high as 0.6 for bandwidths ranging from units to tens of GHz (see experimental values of Γ h in Fig. 5 ). Finally, we analyze the propagation of a pulse with a bandwidth larger than the spectral hole burnt by the control field. Figure 11 presents our predictions based on the linear approximation that leads to Eq. (22) together with the numerical integration of Eq. (12) for a pulse with spectral width Δ in 0.0054Γ RT h ≃ 4 GHz larger than the spectral hole width Δν ≃ 3 GHz. As expected, the pulse predicted by the numerical solution (solid line) deviates from the analytical pulse (dashed line) showing smaller delay and larger distortion.
CONCLUSIONS
We have experimentally characterized the homogeneous linewidth of the transition 4 I 15 ∕ 2 − 4 I 13 ∕ 2 in highly doped erbium fibers by producing spectral holes using a control field at 1536 nm. We have analyzed in detail the dependence of the homogenous linewidth with temperature within the 10 to 50 K range. Our experimental results clearly show a crossover between two regimes: a quadratic dependence of Γ h with temperature for temperatures above 20 K, where homogeneous broadening is dominated by two-phonon Raman processes, and a linear dependence at lower temperatures (but above liquid helium temperature), where direct phonon processes occur. This characteristic power-law dependence was also derived from transmittance measurements. Therefore, transmittance experiments may be an alternative way to easily determine the temperature dependence of the homogeneous linewidth. In addition, we have analyzed the influence of the burning field attenuation on the power broadening of the spectral holes. The ion doping level in the range studied in this work does not significantly affect the homogeneous broadening. A semiclassical theoretical model describing the simultaneous counterpropagation of the control and probe fields through an inhomogeneous broadening medium was used to reproduce the experimental results. We have theoretically analyzed the subluminal propagation of a Gaussian probe pulse through the spectral holes burned in the EDFs under our experimental conditions. We show the feasibility of obtaining a fractional delay as high as 0.6 for GHz pulses in the telecommunication window. 
